Abstract Solar cells with the structure ITO-PED-OT:PSS-Ag:SnS-Al were fabricated with the active layer of tin sulphide with silver nano-particles (Ag:SnS) grown by thermal co-evaporation. To understand the influence of the silver nanoparticles on the energy conversion process, cells with varying active layer thicknesses were compared experimentally and theoretically with corresponding pristine ITO-PEDOT:PSS-SnS-Al cells. Experimental results showed that the Ag nanoparticles act as scattering centers, resulting in longer optical path lengths for incident light. Theoretically we have shown that this in turn results in more charge carriers being generated and thus enhancing the efficiency of the structure as compared to the pristine ITO-PEDOT:PSS-SnS-Al structure. The fabricated plasmonic solar cells of SnS showed an improvement in efficiency of more than 67 %. The results are encouraging and suggests more concerted effort needs to be made on SnS.
Introduction
Present commercial solar cells are silicon based and have efficiency around 24.7 % [1] . However, using the single crystal wafers cut to micro-meter thicknesses with surface texturing to prevent reflection, increases the cost. Researchers hence have started looking into organic [2, 3] and inorganic [4, 5] materials in thin film state, either in amorphous or polycrystalline state [6, 7] to substitute silicon as the active layer. The hope is to increase efficiency at a lower cost, effectively decreasing the energy conversion cost. The inorganic solar cells have now matched the efficiency of Silicon wafer solar cells, with the best efficiency reported at 21.5 % for Cadmium Telluride (CdTe) [8] film solar cells. However, with concerns on the toxicity of tellurium used, search has moved to other inorganic materials such as Tin Sulphide (SnS) [9, 10] and lead sulphide (PbS) [11] .
The basic working principle of solar cell is to absorb photons and generate charge carriers within the junction which should readily separate and reach their respective electrodes without recombination. To improve efficiency one requires a good absorbing material for the photo-active layer. This can be achieved either by using an active layer of good absorbance or by increasing its thickness [10] . However, the thickness of the layer is limited by the carrier diffusion length, i.e. the thickness of the active layer should always be less than the carrier diffusion length [12] . If the thickness of the active layer is larger than the carrier diffusion length, the carriers would recombine before being collected at the electrodes. This would reduce the current in the external circuitry and hence diminish the performance of the cell. Also, increasing the dimension of the absorber layer would raise the cost of the device. Selection of the second layer with opposite charge carriers (n or p type) to that of the semiconducting nature of the photo-active layer (p or n type) also plays an important role. The selection is made in view of matching the conduction and valence energy levels of the two layers such that the separation of the generated charge carriers is encouraged.
To increase the absorbance of the active layer without increasing the thickness, researchers are now investigating effects of embedding metal nanoparticles within the active & P. Arun arunp92@sgtbkhalsa.du.ac.in; arunp92@physics.du.ac.in layer. When light is incident on the metal/dielectric or a metal/semiconductor interface, it gives rise to collective oscillation of electrons known as ''Surface Plasmon Resonance (SPR)'' [13] . At this particular resonance frequency, the nanoparticles either effectively absorb light or scatter it [14] . The amount of light scattered or absorbed depends on the size of the metal nanoparticles [14, 15] . [10, [24] [25] [26] [27] . While majority of research try to address issue of selecting an appropriate companion 'p' or 'n'-layer, [26, 27] few groups have focused on improving the absorption of the photo-active SnS layer, [10] by varying the thickness, [10] or as in the stray example by embedding metal clusters within the film thickness [26] (however, it must be noted that Ristov et al. [26] did not talk of SPR in their work).
For investigating any improvement in performance of ITO-PEDOT:PSS-SnS-Al structure upon incorporating metal nano-particles within or on the surface of the active SnS layer, a pristine cell (cell without metal nano-particles incorporation) was required. For this, we selected the simple ITO À PEDOT : PSS À MDMO : SnS 2 À Al structure used by Tan et al. [28] . Tan et al. [28] in 2010 reported a solar cell structure based on n À SnS 2 quantum dots with PEDOT:PSS on ITO substrate. Both the PED-OT:PSS and n À SnS 2 layers were fabricated by spin-coat technique. We were able to fabricate similar solar cells by thermally evaporating n-SnS layer on PEDOT:PSS-ITO acting as the p-type layer. By modeling the solar cell as a single diode circuit, the cell parameters such as series resistance (R s ), shunt resistance (R p ), open circuit voltage (V oc ), short circuit current density (J sc ), Fill Factor (FF), ideality factor (n) and efficiency (g) were determined. Table 1 lists the parameters for pristine solar cells for varying SnS layer's thicknesses. In terms of these parameters, we were able to reproduce solar cells similar to that reported by Tan et al. [28] with a maximum efficiency of 0.21 % (Tan et al reported maximum efficiency of 0.148 %) for a cell whose SnS film thickness was 800 nm and grain size around 17.7 nm [29] . While we acknowledge that the efficiency of these cells are order of magnitude lower than the maximum efficiency reported in SnS at present, within the present lab availability, we believe it would serve the purpose to investigate any improvement in cell performance when metal nano-particles are embedded in the SnS active layer.
To increase the efficiency of these solar cells, we decided to fabricate plasmonic solar cells of SnS using 20 nm silver nano-particles. Figure 1 shows modifications made in our pristine solar cell device which incorporates oblate metal nano-particles of Ag residing at the surface of SnS film away from SnS/PEDOT:PSS junction. This article reports the performance of our plasmonic solar cells of different active layer thicknesses and compare its parameters with those of pristine SnS solar cells. Also, Finitedifference time-domain (FDTD) theoretical simulations for our cell structures demonstrates enhancement in the photocurrent which in turn results in improved efficiency of plasmonic solar cells.
Experimental details
Solar cells of n-SnS:Ag/PEDOT:PSS structure were fabricated on etched Indium Tin Oxide (ITO) substrates of low resistivity (10 À 15 X=sq). A 200 nm layer of aqueous solar grade PEDOT:PSS (1.3 %) was spin coated on the substrates. Followed by which, composite thin films of Tin sulfide (SnS) and silver (Ag) were grown on the PED-OT:PSS layer. The films were grown at room temperature by thermal evaporation technique using Hind Hi-Vac (12A4D) coating unit at vacuum better than 4 Â 10 À5 Torr. Before evaporation, pellets were made by mixing SnS powder and Ag nano-powder. The SnS powder (99.99 % pure) was provided by Himedia (Mumbai) and the Ag nano-powder was provided by Nanoshel (USA). For mixing, the (mass) ratio of SnS:Ag taken was in a proportion of 2:1. The thickness of the grown composite films were measured using Veecos Dektak Surface profiler (150). Measurements were made on films grown simultaneously on glass substrates. Finally, Aluminum electrodes were deposited by thermal evaporation using standard masks. The thicknesses of the SnS:Ag composite films were varied while that of the spin coated PEDOT:PSS was maintained fixed.
The structural characterizations of the SnS films were done using a Bruker D8 diffractometer at an operating voltage of 40 KV in the h À 2h mode with Cu target giving X-Ray of k ¼ 0:154 nm. The current-voltage (J-V) measurements were done with a computer monitored Keithley 2400 source meter unit. A solar simulator of 100 mW=cm 2 , Air Mass (AM) 1.5 spectrum was used as an illumination source. The measurements were made with light incident from the ITO side. Figure 3a shows the surface morphology of an SnS:Ag film grown on glass substrate. This micrograph is from our previous study [30] where supporting EDAX analysis revealed non-spherical morphology of silver nano-particles. Similarly, XPS analysis revealed that the silver nano-particles were concentrated only on the surface and 150 nm beneath it. Figure 3b shows the same micrograph with the grains of SnS in the background faded out using the freely available software ''ImageJ''. The grains with black outlines are of silver. The software returns a grain density of 6 lm À2 on the film's surface. Such a discontinuous distribution would not qualify to be a reflecting mirror coating. Thus, it can be said that the efficiency improvement is possibly due to the scattering of light from silver nano-particles into SnS.
Results and discussion
Silver nano-particles when dispersed in SnS gives rise to two SPR peaks in the visible region, at $ 500 and $ 580 nm [30] . Silver nano-particles ability to scatter light into SnS background at these wavelengths help in increasing the optical path length of the incident photons. Tan et al. [31] and Ristov et al. [26] had suggested that the improvement in SnS:Ag samples performance was by the lowering of the active layer's resistance due to the incorporation of silver metal. However, we disagree with this line of argument. Investigation into the 800 nm thick films (active layer) show that the forward resistance of SnS and SnS:Ag sample are 8.0 and 7:6 MX, respectively. Similarly, their series and shunt resistances (R s and R p , respectively) are nearly equal within experimental error (Tables 1, 2 ). The lack of variation is due to the low density of silver in the films (shown using ImageJ software, Fig. 3b ). However, a marked increase in I sc is evident in SnS:Ag sample as compared to that of the pristine sample. In context of the single diode model, it would imply an increase in the magnitude of the current from the current source. This furthers our argument that implanting silver in SnS films increases the generation of charge carriers due to LSPR scattering from silver nano-particles. While experimental results prove increased absorption of light in active layers with silver nano-particles, whether they would actually result in enhancement of carrier generation needs to be addressed. In-order to investigate this, we calculated the internal quantum efficiency of pristine SnS solar cells and plasmonic SnS solar cells by performing theoretical simulations. There are various methods by which simulations of thin film solar cells can be done, such as Finite Difference Time Domain (FDTD), [32, 33] Finite Difference Frequency Domain (FDFD), [34] Finite Element Method (FEM) [35] . We have used the two dimensional FDTD method for our analyses. Using FDTD we solve the time dependent Maxwell equations and calculate the electromagnetic field on a tensor grid in time and space [33] . The intensity of the source is set to spectral intensity defined by AM 1.5G solar spectrum. The complex refractive index of the layers (SnS/ Ag-SnS and PEDOT:PSS) is used as the input parameter to describe the optical properties of different materials in the structure. The stationary results eg. Electromagnetic field, intensity distribution, quantum efficiency, and optical generation rate are calculated for the complete structure. The calculations here were done using the complex refractive index for SnS obtained from our previous reports [36, 37] . The complex refractive indices for ITO, PED-OT:PSS, Al and Ag were obtained from literature [38] [39] [40] . Simulations were also done for pristine SnS solar cell for establishing a baseline reference. Dimensions of PED-OT:PSS and SnS layer taken for calculations were 200 and 500 nm respectively. In the case of plasmonic solar cell spheroidal silver nano-particles of size 30 nm having aspect ratio of 0.6 with inter-spacing of 100 nm were considered (see Fig. 4 ). These metal nano-particles were restricted in a 100 nm layer at a distance 300 nm from the junction so as to match the experimental conditions (based on depth profile XPS results [30] ). Prefectly matched layers were considered along the top and bottom layer of the computational cell to avoid reflections and periodic boundary conditions were applied along the horizontal direction to achieve periodicity of the structure.
The electron-hole generation of solar cells depends on the photon energy absorbed by the absorbing material and the generation rate is given as [33] where, 'c', 'h' and 'k' have the usual meaning. 'P solar ', is the spectral power density of incident light and 'QE' is the quantum efficiency of the device calculated as [33] QEðkÞ ¼ P abs ðkÞ P in ðkÞ ð2Þ
where P abs ðkÞ is the power absorbed in SnS and is a function of wavelength and P in ðkÞ is the input power. Figure 5a , b show the quantum efficiency and generation rate, respectively of SnS solar cells with and without Ag nano-particles. A weak enhancement peak of quantum efficiency is observed at 500 nm along with a strong peak enhancement is observed at % 600 nm in plasmonic SnS solar cells as compared to pristine SnS solar cells. The plot of the generation rate (GR) with respect to wavelength (Fig. 5b) shows an enhancement of charge carriers generated in plasmonic solar cells between the wavelength 500-650 nm. A better comprehension about the enhancement can be visualized by plotting the difference in generation rate between the plasmonic SnS solar cell and that of pristine SnS solar cell (dGR ¼ GR SnSþAg À GR SnS ) with wavelength. This (Fig. 5) shows a broad maxima from 580 to 700 nm. This maxima is due to charge generation resulting from absorption around SnS band-gap (1.7-2.1 eV) and more importantly, due to the effective coupling of Localised Surface Plasmon Resonance with the incident light at 570 nm which inturn enhances the flux densities around the metal nano-particles. This improves the light trapping capability of SnS thereby increasing the photo-current generation. It should be noted that out of the two SPR peaks (500 and 570 nm), the peak near SnS band edge contributes to the enhanced generation rate. Thus, the simulations confirm the increased scattering of light by the silver nano-particles results in an enhancement of photo-generated current which in turn would result in an overall improvement of conversion efficiency of the SnS solar cell.
In Fig. 6 , we plot the efficiency of SnS thin film solar cells and SnS:Ag plasmonic solar cells as a function of the active layer's thickness. The conversion efficiency increases with increasing film thickness. In fact, for an active layer of thickness 800 nm, the conversion efficiency of the device is nearly doubled when the Ag nanoparticles were introduced in SnS films. Again, the increase (rate) in efficiency with film thickness can not be explained merely by the insignificant variation in absorbance with film thickness reported [41, 42] . The increase in efficiency is hence Figure 5 shows a plot between Ag nanoparticle's grain size and J sc . The trend experimentally confirms that more charge carriers are generated with increasing Ag nanoparticle's size. A maximum enhancement of 38 % in the photo-current was measured in SnS:Ag solar cells (Fig. 7) as compared to the pristine cells, that resulted in a 67 % increase in efficiency.
A concern with the structure we have reported here is its high series resistance (Tables 1, 2 ). It should be noted here that there is still some scope for material tailoring, considering that the resistance decreases with increasing grain size of SnS (Fig. 8 ). This figure also includes two data points from the literature [9, 24] where the SnS grain size reported was 350 and 100 nm respectively. The series resistance of their cell clearly shows that the resistance can be minimized by increasing the active layer's grain size.
Conclusion
Plasmonic solar cells of SnS were fabricated by co-evaporation of silver metal during the fabrication of ITO-PEDOT:PSS-Ag:SnS-Al structures. A substantial increase in the conversion efficiency of the device was observed as compared to the pristine (non-plasmonic) ITO-PED-OT:PSS-SnS-Al structures. The increase in efficiency is shown with the combined experimental and theoretical results, to be due to increasing photo-current generated due to increase in light scattering within the cell due to the Ag nanoparticles. The results are promising considering that we now can manipulate the inorganic, non-toxic SnS solar devices for higher efficiency. SnS Grain Size (nm) Fig. 8 Variation of the solar cell's sereis resistance (R s ), with SnS's average grain size. Circle data points are from present work and square data points are from literature [9, 24] 
